We report a measurement of the dimensionless enhancement factor κ 0 for the Rb-129 Xe pair commonly used in spin exchange optical pumping (SEOP) to produce hyperpolarized 129 Xe. κ 0 characterizes the amplification of the 129 Xe magnetization contribution to the Rb electronic effective field, compared to the case of a uniform continuous medium in classical magnetostatics. The measurement is carried out in Rb vapor cells containing both 3 He and 129 Xe and relies on the previously measured value of κ 0 for the Rb-3 He pair. The measurement is based on (1) the optically detected (Faraday rotation) frequency shift of the 87 Rb EPR hyperfine spectrum caused by the SEOP nuclear polarization and subsequent sudden destruction of nuclear polarization of both species and (2) a comparison of NMR signals for the two species acquired just prior to the EPR frequency shift measurements. We find (κ 0 ) RbXe = 518 ± 8, in good agreement with previous measurements and theoretical estimates but with improved precision. *
I. INTRODUCTION
Almost six decades have passed since the first report of a hyperpolarized noble gas [1] , but the field continues to grow and evolve, both in terms of the basic physics and the manifold applications. Nuclei of the stable spin- 1 2 isotopes, 3 He [2] and 129 Xe [3] may be polarized by spin-exchange optical pumping (SEOP) [4] , a two-stage process of angular momentum transfer. The ground-state electron spins of an alkali-metal vapor are polarized by the absorption of circularly polarized resonant light at the D 1 transition (5S 1/2 → 5P 1/2 in Rb); subsequent collisions of the polarized alkali-metal atoms with noble gas atoms mediate an interatomic Fermi-contact interaction through which electron and nuclear spin is exchanged.
The result is an ensemble of noble-gas atoms with a nuclear-spin polarization in the range of 10-100%, several orders of magnitude beyond the thermal-equilibrium value at room temperature in even the largest laboratory magnetic fields. Hyperpolarized noble gases (in some cases along with a cohabitating polarized alkali-metal vapor) are used in sensitive magnetometry [5] , inertial guidance [6] , and the search for physics beyond the Standard Model [7] [8] [9] . They are additionally used as a sensitive signal source in magnetic resonance imaging [10, 11] .
EPR of the alkali-metal hyperfine structure can be a sensitive embedded probe of the magnetic field generated by the evolving noble-gas nuclear magnetization in a SEOP cell.
The same Fermi-contact interaction that transfers spin to the noble gas also produces a shift in the alkali-metal EPR frequency ν A that is proportional to the nuclear magnetization [12] :
where the nuclear magnetization M X is given by:
In Eqs. (1) and (2), [X] , µ X , and K are the noble-gas number density, magnetic moment, and spin, respectively; h is Planck's constant, B 0 is the applied magnetic field, and κ AX > 0 is a dimensionless factor specific to each alkali-metal/noble-gas pair that parameterizes the enhancement of the noble-gas magnetic field sensed by the alkali-metal electrons. The enhanced field results from the quantum mechanical overlap of the electron wave function at the noble-gas nucleus, time-averaged over many collisions. A value of unity for κ AX corresponds to the hypothetical case where the electron classically overlaps a continuous uniform noble-gas magnetization having the same value as that calculated by Eq. (2) for discrete noble-gas atoms. The enhancement is ≈ 5 in the case of Rb-3 He [13] and about 500 in the case Rb-129 Xe [14] , owing to xenon's much greater atomic number.
In this paper we present a precise measurement of κ 0 for the Rb-129 Xe pair; the limit κ AX → κ 0 obtains for sufficiently high third-body gas pressure (see Sec. II below). Our measurement is based on a ratiometric comparison of the optically detected 87 Rb EPR frequency shifts due to 129 Xe and 3 He. Our result, (κ 0 ) RbXe = 518 ± 8, is in good agreement with a previous measurement, 493 ± 31, based on the measured ratio of 129 Xe and 3 He NMR frequency shifts [14] . It is also in good agreement with a recent theoretical prediction, 588 ± 50, based on detailed electronic-structure calculations [15] . A precise measurement of (κ AX ) RbXe is relevant to better understanding of SEOP physics for the Rb-Xe pair [16] and vital for understanding and correcting systematic shifts in several tests of fundamental symmetries that feature alkali-metal and/or noble-gas magnetometers and co-magnetometers [17] . It can also be used to calibrate in situ polarimetry of hyperpolarized 129 Xe as it is produced by SEOP for the various applications.
II. THEORY
For an applied magnetic field B 0 where the alkali-metal hyperfine splitting is large compared to the electron Zeeman splitting, the effective alkali-metal gyromagnetic ratio for ∆m F = ±1 transitions within the same hyperfine manifold, correct to linear terms in B 0 is [18] 
where I is the alkali-metal nuclear spin, g s = −2.0023 is the free-electron g-factor, and A is the alkali-metal hyperfine coupling strength. The total angular momentum quantum number is F = I ± 1/2, corresponding to the two hyperfine manifolds; and m F is the mean value of the two magnetic quantum numbers for the neighboring levels involved in the transition.
Eq. (3) represents the quadratic Zeeman splitting into 4I hyperfine spectral lines, one for each F, m F pair. Under our experimental conditions, a highly polarized vapor means that Rb atoms are pumped into one of the end states m F = ±F of the I + 1/2 manifold by σ ± polarized light.
Spin exchange is mediated through both binary Rb-Xe collisions and the formation of longer-lived RbXe van der Waals molecules [19] . As described in detail by Schaefer, et al. [12] , the enhancement factor may be written as:
where 0 ≤ AX ≤ 1 characterizes the fractional suppression of the enhancement that occurs as the mean lifetime of RbXe van der Waals molecules increases, i.e., as the mean precession angle φ of the coupled angular momenta about the molecular magnetic field during a RbXe van der Waals molecular lifetime approaches and exceeds one radian [20] . At sufficiently large third-body pressure (short molecular lifetime), AX → 1 and κ AX → κ 0 . According to Zeng, et al. [20] ,
where p is the total gas pressure and p 0 is a pressure that depends on gas composition and characterizes the transition from short to long molecular lifetime. For the Cs-Xe pair, 
signals for the two species. Using the previously measured value of (κ 0 ) RbHe = 4.52 + 0.00934T , where T is the temperature in • C [13] , Eq. (6) can then be used to determine (κ 0 ) RbXe . Both the EPR frequency shift and the NMR signal intensity depend only on the product of the nuclear polarization and the noble-gas density, i.e., the magnetization M in Eq. (2); therefore, the measurement of (κ 0 ) RbXe requires no knowledge of the polarization of either noble-gas species and is insensitive to uncertainties in the cell pressures listed in Table I . The accuracy of the measurement comes down to (1) the degree to which we ensure the same initial nuclear magnetization for the EPR and NMR measurements (separately for both 3 He and 129 Xe), and (2) the degree to which the recorded measurements of the EPR and NMR signals are proportional to those magnetizations.
III. EXPERIMENT
We performed experiments on three spherical vapor cells of similar volume made of borosilicate (Pyrex) glass; they were filled with several tens of Torr of N 2 and Xe gases (the Xe is enriched to 90% 129 Xe), about 2000 Torr 3 He and a few milligrams of Rb (see Table I ). The oven temperature for SEOP ranged between 125
• C and 175
• C, as determined by a resistive thermometric device (RTD) affixed directly to the cell, although laser heating likely still caused the actual interior cell temperature to be somewhat warmer. In general, both 3 He and 129 Xe were polarized to their respective maximum (saturation) values; we note that this typically took many hours for 3 He and minutes for 129 Xe, and that the latter could be polarized at lower temperatures to its saturation value several times in one experiment with little to no effect on the 3 He polarization. In all cases, 3 He and 129 Xe were polarized into the low-energy Zeeman state using σ − light. The SEOP pump laser was a 30-watt diode-laser array model A317B (QPC Lasers), externally tuned to the 795 nm D 1 resonance and narrowed to ≈ 0.3 nm with a Littrow cavity [22] . This was an older laser with at least many hundreds of hours of use, and the total output power had deteriorated somewhat; the narrowed output incident on the cell was typically 10-12 W.
Two distinct types of measurements were made: (1) A home-built pre-amplifier coupled the probe to the spectrometer; signals were displayed and analyzed using the NTNMR (Tecmag) software. The spectrometer was also used (in transmit mode only) for rapid destruction of 129 Xe and 3 He polarizations at the frequencies 31.25 kHz and 85.6 kHz, respectively, as further discussed in the next section.
B. Optically Detected EPR
EPR of 87 Rb was optically detected in a manner similar to that described by Chann, et al. [23] , and a double-homodyning scheme was used to lock the EPR frequency to the the derivative signal at the resonance peak was used in a loop fed back to the VCO to lock the EPR frequency, which was read out on a precision frequency counter, model 53220A (Agilent). In an otherwise stable applied field, the locking circuit could reproducibly follow both gradual and sudden changes in the noble-gas nuclear magnetization.
C. Stabilization of applied magnetic field
The measured EPR frequency shifts due to nuclear polarization were 1-10 kHz; we thus needed to stabilize the applied magnetic field B 0 to much better than a part in 
IV. RESULTS AND ANALYSIS
An experimental run consisted of (1) 
A. Flip-angle measurement
At some time after both 3 He and 129 Xe polarizations had reached their maximum (saturation) values (> 20 h of SEOP), we started an experimental run by measuring the magnetization ratio with NMR at 31.25 kHz. The measured initial height S of the free-induction decay (FID) is proportional to the longitudinal magnetization from which it was generated through excitation at some flip angle θ. The magnetization ratio just prior to excitation is given by:
Had we been able to operate in the regime where θ 1 radian for both nuclei, then the sine ratio in Eq. (7) could be replaced by a factor of the ratio of gyromagnetic ratios γ He /γ Xe [24] , but this was not the case, and we had to carry out frequent and precise measurements of the flip angles used. This was done in a separate measurement by polarizing the 3 He to saturation and then applying a long series of identical 80-µs pulses at 31.25 kHz, spaced 55 ms apart. The FID acquired after each pulse was Fourier transformed and the area under the peak was measured; see Fig. 6 . The magnetization after the n th pulse was
Defining b ≡ ln(cos θ), we fit data such as that shown in Fig. 6 to the function ae bn with fitting parameters a and b and then calculated
Provided we used all of the same electronics and the exact same gains and other settings, the 129 Xe flip angle was found from
The output of the NMR pulse amplifier was monitored with an oscilloscope before and after every NMR measurement to ensure that the pulse characteristics in the flip-angle measurement remained consistent over the course of the entire experimental run.
B. NMR signal acquisition
The 129 Xe NMR signal in our cells, particularly at low flip angles, is quite weak but recovers in minutes with SEOP. The 3 He signal is strong but needs tens of hours to recover if destroyed. The EPR frequency shifts from 3 He are also smaller than those for 129 Xe.
We needed to choose a 3 He flip angle low enough to record the NMR signal and still have plenty of magnetization left to record a significant EPR frequency shift when the remaining magnetization was destroyed. If we wanted to use the exact same pulse (frequency, power, and duration) for both species, we thus needed to acquire the 129 Xe FID at an even smaller flip angle and then average many such acquisitions.
Starting at full polarization for both 3 He and 129 Xe and with the SEOP pump laser on continuously, we applied N = 100 pulses 50 ms apart at the 129 Xe Larmor frequency of 31.25 kHz in a field B 0 = 26.5 G. The acquired FIDs were added together and Fourier transformed. We made the assumption that there was no significant SEOP occurring over the total acquisition time of 5 s. Due to the magnetization destroyed after each pulse, the total measured signal S N = Σ N n=1 S n needed correction to represent the signal S Xe after the first measurement:
Immediately after the 129 Xe NMR measurement, the applied field was lowered to 9.6 G by reducing the current in the power supply, corresponding to a 3 He Larmor frequency of 31.25 kHz. A single 80-µs excitation pulse was applied, and S He was immediately recorded for 3 He without signal averaging. The pulse length, frequency, and power were unchanged between the 3 He and 129 Xe NMR measurements, as were the amplifier gain settings on the receiver side.
C. EPR frequency shift acquisition
After the NMR measurements, the 129 Xe magnetization was allowed to recover by SEOP (typically requiring no more than a few minutes). The applied magnetic field was returned to 26.5 G and stabilized using optically detected 87 Rb EPR, as described in Sec. III B. A baseline EPR frequency was established prior to destroying the remaining 3 He magnetization with a rapid series of large-angle pulses at 85.6 kHz. A new baseline was then established and the total shift ∆ν He was recorded. We use the prime because this shift still had to be corrected for the magnetization lost from the one pulse used previously to acquire a single FID:
∆ν He = ∆ν He cos θ He .
The 3 He magnetization, once destroyed, did not recover to any significant degree during the remainder of the experimental run due to the low spin-exchange rate; this was verified at the very end of the run by repeating the above steps and noting no significant frequency shift.
A few minutes after the 3 He measurement, the 129 Xe polarization was similarly destroyed with a series of pulses at 31.25 kHz. Because the 129 Xe magnetization recovered quickly via SEOP (within 3 min), we repeat its destruction and recovery five times for each experimental run, averaging the results to obtain the 129 Xe frequency shift ∆ν Xe ; this shift requires no correction, since the starting point is full polarization prior to each destructive series of pulses; see Fig. 2 .
There were a total of 48 experimental runs with three different sample cells (Table I) and four different temperatures. The value of κ 0 for RbXe and associated uncertainty was calculated using Eq. (6) for each run; results are shown in the plot in Fig. 7 . Table II shows the uncertainty-weighted average values categorized according to both temperature and the sample cell used. The weighted average value for all measurements yields (κ 0 ) RbXe = 518 ± 8 (green line in Fig. 7) , where 8 is the standard deviation of the mean (dark green region) and the light green region (±59) corresponds to the sample standard deviation.
V. DISCUSSION AND CONCLUSION
There appears to be little correlation of the measured value of κ 0 with the three different cells used. Cell 204F has the lowest total pressure and a 5% smaller value for κ 0 than the other two cells. As discussed in Sec. II, we would not expect this to be due to κ 1 in Eq. (4), as there is enough total gas pressure in all of these cells to assure that the van der Waals molecules are in the short-lifetime limit [19] . Any temperature dependence would appear to be weak at best; this is not unexpected due to the steep core wall of the RbXe van der Waals potential and the strong dependence of the contact interaction on the distance of closest approach. One could argue for a slight downward trend with increasing temperature, but the trend reverses for the (relatively few) data points taken at 175 • C. Looking at the overall scatter in the data, the 1.5% relative uncertainty in the weighted average may be a bit optimistic. If so, the source of any systematic error is likely to come from the NMR ratio measurement, since the frequency-shift measurements have better SNR and involve less postprocessing to arrive at the 129 Xe-3 He signal ratio. Despite our careful efforts to calibrate the NMR equipment, drifts in sensitivity during the measurements due to thermally sensitive components or to inhomogeneities in the transverse excitation field cannot be completely ruled out.
To put our measurement into context with those preceding it, we first note that the result agrees well statistically with the results of Ma, et. al. [14] , who measured (κ 0 ) RbXe = 493±30 using an entirely different experimental method (comparing the NMR frequency shifts for 3 He and 129 Xe in the presence of a polarized 87 Rb vapor), although they similarly relied on the previous κ 0 result for 87 Rb-3 He [13] . The present result is somewhat smaller than the recent theoretical/computational results of Hanni, et al. [15] who determined (κ 0 ) RbXe = 588 ± 50; but the discrepancy is not alarming considering the uncertainties. Earlier estimates and measurements by Schaefer, et al. [12] were in the range of 650 to 750, but had much larger uncertainties, and so are also not inconsistent with our result.
With appropriate rearrangement of Eqs. (1) and (2), our result can be used to calibrate the measured EPR frequency shift to the absolute 129 Xe polarization P Xe = K z /K. This relationship also shows that the largest measured EPR shifts in our cells, combined with knowledge of the Xe density, sets a lower bound for (κ 0 ) RbXe . In the case of these measurements, a maximum shift of 5.0 kHz was recorded for cell 204F, yielding a 129 Xe polarization of 87% using our measured value of (κ 0 ) RbXe ; alternatively, by assuming 100% polarization, the measurement of that same shift sets a lower bound on (κ 0 ) RbXe of 452. 
